Temperate bacteriophage Mu-1 was used to generate a lysogenic derivative of the F'lac episome of Escherichia coli. Intact, covalently circular molecules of F'lac and lysogenic F'lac Mu+ deoxyribonucleic acid (DNA) were isolated and examined by electron microscopy. The mean contour lengths of F'lac and F'lac Mu+ molecules were 37.6 + 0.4 Am and 53.2 + 0.4 ,um, respectively. The mean difference, 15.6 Am, is similar to the mean contour length of 12.9 + 0.1 Am obtained for linear DNA molecules released by osmotic shock from mature phage Mu-1 virions. These results provide direct physical evidence that phage Mu-1 integrates by linear insertion of its genome into the DNA of lysogenic host bacteria. Chemical and physical analyses of phage Mu-1 DNA indicate that it is similar to E. coli DNA in respect of gross base composition, buoyant density, and molting temperature.
Bacteriophage Mu-1 is a temperate phage endowed with the distinctive attribute of inducing mutations in the genome of its host bacterium, Escherichia coli K-12 (34) . Several lines of genetic evidence, to be reported separately, indicate that the prophage Mu-i can integrate at many different sites in the bacterial chromosome and that these sites coincide with the loci of phage-induced mutational events. Other genetic experiments (21, 37 ; Martuscelli and Taylor, in preparation) suggest that Mu-1 becomes integrated by linear insertion of its genome into the host chromosome, perhaps in a manner similar to that proposed by Campbell (7) for phage X.
Although suggestive of insertion, the genetic data for Mu-1 are necessarily indirect and they cannot completely rule out certain alternative models in which integration occurs by synaptic attachment of circular or linear viral deoxyribonucleic acid (DNA) to host DNA (7) . The experiments described in this report provide a direct physical test of the Campbell insertion model for bacteriophage Mu-1. Electron microscopic evidence will be presented to show that a prophage which is genetically linked to the small episome, F'lac (19) , of E. coli is inserted into and covalently continuous with circular molecules of F'lac DNA. This report also presents experimental data on the chemical composition and molecular size of phage Mu-i DNA. MATERIALS AND METHODS Bacteria and bacteriophages. The genotypes of bacteria derived from strain K-12 of E. coli are listed in Table 1 . Strain EN12, containing the F-merogenote F'lacI78 (is), was the generous gift of John R. Sadler.
The mutagenic phage used in this investigation was isolated from the American Type Culture Collection (ATCC) strain 9637 by plating cell-free culture medium with indicator cells of E. coli K-12 (strain AB259). Since the phage from ATCC 9637 is indistinguishable from the phage Mu-1 originally isolated from a chance lysogen of strain K-12 (34) in respect of its morphology (35; Fig. 1 ), lysogenic immunity, bacterial host range, and ability to induce mutations, we presume that the two phages are closely related and that ATCC 9637 may be the natural reservoir of phage Mu-1. Phage Mu-Ic is a clear-plaque mutant used in replica plating tests for host immunity to Mu-I (34) . Purified stocks of phage T4, wild-type phage X, and the double deletion mutant Xb2bS (22) were obtained from F. A. Eiserling. Male-specific phage MS-2, kindly provided by Alvin J. Clark, was propagated on strain AB259 and used to test for the presence or absence of sex factor, F.
Growth and purification of phage Mu-i. The medium for growth of batch lysates (T broth) contained per liter of distilled water: 10 g of Casamino Acids (Difco no. 0230), 2.42 g of tris(hydroxymethyl)-aminomethane (Tris), 1.2 g of NH4Cl, I g of NaCl, 0.5 g of KCl, 20 mg of L-tryptophan, and hydrochloride to adjust to pH 7.4. After autoclaving, separately sterilized solutions were added to give final concentrations of 4 mM MgSO4, 0.01% gelatin, 0.5% glucose, 0.2 lsg of thiamine hydrochloride per ml, and 0.6 mm CaCl2, the last being added at the time of infection. Fernbach flasks (2.8 liter, equipped with aeration baffles) containing 1.4 liters of T broth were inoculated with 50 ml of an overnight T-broth culture of strain C600. Cultures were grown to 108 bacteria per ml with vigorous rotary shaking at 37 C and then inoculated with Mu-I at a multiplicity of 4 to 5 phage per bacterium. As a rule, lysis was complete after 2 hr of additional shaking at 37 C, and the phage yields ranged from 1010 to 2 X 1010 plaque-forming units (PFU) /ml. The pooled lysates from five flasks were gently stirred with 5 ml of chloroform and 0.5 mg each of deoxyribonuclease and ribonuclease. The phage particles, and other particulate matter in the lysates, were concentrated by a modification (10) of Albertsson's polyethylene glycol-dextran sulfate two-phase partition method (3). The concentrated suspension was centrifuged at 14,000 X g for 15 min to remove large debris, and the resulting supernatant was then centrifuged at 56,000 X g for 90 min to sediment the phage. The phage pellets were covered with 2 ml of Tris-buffered saline (0.15 M NaCl, 1 mM MgCl2, 1 mM CaCI2, 1 mm Tris, pH 7.2) and resuspended by storing them at 4 C for 15 to 18 hr. After one additional low-speed centrifugation, the concentrated phage suspension contained about 50%7 of the PFU present in the unpurified lysates. Additional cycles of high-and low-speed centrifugation resulted in severe losses.
A CsCl density-step gradient was used for final purification of the phage. Gradients were formed by introducing 4.5 ml of solution (density 1.22 g/ml) into a centrifuge tube. Additional 4.5-ml volumes of density 1.38, 1.49, 1.57, 1.69, and 1.81 g/ml were introduced successively beneath the preceding layers. Because the phage is highly sensitive to CsCl, the salt concentrations were minimized by preparing solutions in deuterium oxide (D20, 99%, density 1.105 g/ml) containing 1 mM MgCl2, 1 mm CaCI2, and 1 mm Trishydrochloride to make pH 7.2. One milliliter of phage suspension was layered onto the gradient and centrifuged for 60 min at 20,000 rev/min in a Spinco SW25 rotor. The phage formed a sharp band which was recovered by collecting drops from the tube bottom. Fractions containing phage were pooled and carefully dialyzed against Tris-buffered saline at 4 C, starting with a 10:1 volume ratio for the first 12 hr and followed by 50:1 and 100:1 ratios for the next two 12-hr periods. These preparations, which contained 10 to 20%,c of the initial PFU in the crude lysate, were devoid of extraneous particles (see below) and were stable at 4 C (approximately 50% survival after 60 days of storage).
Preparation of phage DNA. Phage Mu-i was disrupted by gently dissolving 1.1 g of guanidine hydrochloride (Schwarz/Mann ultrapure grade) in 5 (29) , except that CsCI density-gradient centrifugation was employed in lieu of isopropanol precipitation as the final purification step.
Chemical analyses. Tests for the presence of ribonucleic acid (RNA) or protein in the DNA preparations were those of Dische (12) and Lowry et al. (27) , respectively. The base compositions of phage Mu-I DNA and of calf thymus DNA (Sigma Chemical Co.) were determined by using the methods of Wyatt (40) . Phage DNA was dialyzed against water, precipitated with two volumes of cold absolute ethanol, washed successively with absolute ethanol, 70% ethanol, ethyl ether, and brought to constant dry weight over anhydrous CaCl2. Samples of 0.8 to 0.9 mg of dry DNA were hydrolyzed at 175 C for 30 min in sealed glass ampoules containing 80%o formic acid. The hydrolysates were brought to pH 6.0, spotted on Whatman no. 1 paper, and run by descending chromatography for 20 to 22 hr with an n-butanol-0.6 N NH40H solvent system (9) . A mixture of known adenine, thymine, guanine, and cytosine was hydrolyzed similarly and run on the same papers as the hydrolyzed DNA samples. Individual bases were detected as ultraviolet (UV)-absorbing spots, cut from the paper and eluted quantitatively in 0.1 N HCI. Bases were identified from their absorption spectra over the 220 to 310 nm range and the concentration of each eluted base was calculated by the differential extinction method of Bendich (5) .
DNA melting curves. Solutions of purified DNA from Mu-i and E. coli were dialyzed against salinecitrate buffer (15 mm NaCl, 1 Density-gradient analysis. Density-gradient equilibrium sedimentation was performed in a four-place rotor with the necessary precautions taken to prevent shear degradation (11, 14) . The flotation densities of the Mu-i DNA in Cs2SO4 and CsCl were determined by using E. coli K-12 DNA as a reference marker (density: 1.426 g/cm3 in Cs2SO4 and 1.703 g/cm3 in CsCl). Approximately 2 ,ug of DNA was added di-553 VOL. 8, 1971 rectly to solid CsCl or Cs2SO4 to yield a final density of 1.70 g/cm3 and 1.43 g/cm3, respectively. Equilibrium was established by centrifugation at 122,000 X g for 22 hr in CsCl and at 67,000 X g for 40 hr in Cs2SO.4 at 25 C. Denaturation of the Mu-l DNA at 2 ,g/ml was carried out by heating at 101 C for 4 min in one-third strength DNA buffer, followed by rapid cooling in crushed ice. The sample was then added to the solid cesium salt (11) . Heating for less than 3.5 min led to incomplete denaturation as evidenced by the presence of DNA at the native density position.
Sedimentation analysis. The sedimentation coefficient of Mu-i DNA was determined by using the analytical zone sedimentation method (38) as described by Studier (33) . A 20-,liter amount of DNA at 50 to 100 ,g/ml in DNA buffer was layered onto 0.50 M NaCl, 50%1 D20 (pH 7.7) in a band-forming centerpiece, and the sample was centrifuged at 53,000 X g at 20 to 25 C. Pictures were taken at 16-min intervals with monochromatic UV optics by using Ilford Rapid Process experimental plates (1 1). The plates were analyzed on either a Nikon twodimensional comparator model 6C or a Beckman microdensitometer. The calculated sedimentation coefficients were corrected to a water basis at 20 C (S20, ). DNA samples obtained from T2 and X bacteriophages were used as standards and these S20, values agreed to within 5%;c with those previously reported (33) .
Electron microscopy of phage DNA. The DNA of phages Mu-1, X+, and Xb2b5 was released and spread by the osmotic shock technique of Kleinschmidt et al. (24) , as modified by Caro (8) . Samples of the DNA-containing protein film were transferred to copper specimen grids (200 mesh) coated with carbonsupporting films (26) 40 ,g of nalidixic acid per ml were selected by the procedure of Hane and Wood (17) . Conditions for the elimination of F-merogenotes with acridine orange were those described by Hirota (18) . The thymine auxotroph used for DNA labeling (strain AT3158) was isolated in the following way. A thymidylate synthetase mutant (thyA-), which required exogenous thymine at 40 yg/ml for growth, was grown overnight in a thymine-poor medium (0.8% Difco tryptone, 0.7% NaCl) and plated on minimal medium containing only 2 /Lg of thymine per ml to select for modified auxotrophs that can grow on low levels of thymine. A colony from these plates was designated as strain AT3158 and we presume that its low thymine requirement stems from a secondary mutation at the dra (deoxyriboaldolase) or drm (deoxyribomutase) locus (2) .
DNA labeling and extraction. The procedures of Bazaral and Helinski (4) were generally followed for the isolation of F'lac DNA. Bacteria to be labeled were grown in TM medium which contains, per liter of water: 2.5 g of Casamino Acids (Difco 0288), 5 g of NaCl, 2 g of NH4Cl, 370 mg of KCl, 26 mg of Na2SO4, 10 mg of MgCl2.6H20, 0.9 mg of FeCl3, 4 g of glycerol, 0.2 mg of thiamine hydrochloride, 4 mg of thymine, and 100 ml of 1 M Tris (pH 7.3). For each experiment, 112 ml of TM medium was inoculated with 8 ml of overnight TM culture and grown at 37 C with rotary shaking to 108 bacteria per ml. At this time, 0.8 ml of [rnethyl-3H] thymidine (1 mCi,/ml, specific activity 6.7 Ci/mmole) was added, and incubation was continued until the culture reached approximately ]09 bacteria per ml. Labeled cells were harvested by centrifugation at 4 C, washed twice with TES buffer (50 mm NaCl, 50 mm Tris, 5 mm EDTA, pH 8.0) at 4 C, and finally resuspended in 8 ml of spheroplast-forming mixture which contains 1 mg of lysozyme per ml, 0.5 mg of ribonuclease per ml, and 100 mg of sucrose per ml in TES buffer. After incubation at 37 C for 10 min, followed by 5 min of chilling in ice, 4 ml of a 26> aqueous solution of sodium lauryl sarcosinate (Sarkosyl, Geigy Chemical Co.) was added to the mixture to effect lysis. The resulting viscous solution was diluted with 8 ml of TES buffer, mixed briefly, and brought to room temperature. Bulk (chromosomal) DNA in the lysate was sheared by drawing up the solution into a conventional 1 -ml serological pipette 40 times in succession over a period of 2 min.
Dye-buoyant-density centrifugation. The technique of Radloff et al. (31) , as modified for bacterial DNA (4), was used to separate supercoiled F'lac DNA from broken chromosomal DNA. The sheared lysate was transferred to a 250-ml screw-cap flask which contained 104.8 g of CsCl, 60.8 ml of water, and 32 ml of ethidium bromide (prepared as a separate solution at 1.4 mg/ml of 0.1 M sodium phosphate buffer, pH 7.0). After gentle mixing of the flask contents, the DNA-CsCl solution was dispensed into eight polyallomer centrifuge tubes which were then topped off with light mineral oil. The tubes were centrifuged in a fixed-angle rotor (Spinco type 50.1) for 38 to 40 hr at 35 ,500 rev/min at a temperature of 17 C. On completion of the run, 0.35-ml fractions were collected dropwise from the bottom of the tubes. Radioactivity was assayed by precipitating a 40-Mliter sample of each fraction onto 2-cm-square pieces of Whatman no. 3 paper, as described by Bollum (6) . The papers were put in vials containing toluene-2, 5-diphenyloxa-zole-1 ,4-bis-2(5-phenyloxazolyl)-benzene and counted in a Beckman LS-100 liquid scintillation spectrometer with a counting efficiency of 6%. Fractions which contained episomal DNA were pooled and dialyzed for 48 hr at 4 C against modified TES buffer (containing 0.3 M NaCl instead of 0.05 M) to facilitate removal of ethidium bromide from the DNA. This was followed by 24 hr of dialysis against standard TES buffer.
Electron microscopy of F'lac DNA. Episomal DNA from the dye-buoyant density gradient was prepared for electron microscopy by dialyzing it against 10 mm sodium phosphate buffer (pH 7.0) for 60 min at 4 C and then treating it with deoxyribonuclease (DNAse: Sigma Chemical Co. stock no. DN-C) to promote unwinding of the supercoiled molecules (20) . The reaction mixture contained 0.2 ml of DNA solution, 4 MAliters of 0.1 M MgCl2, and 5 ,uliters of deoxyribonuclease solution (20 ng of deoxyribonuclease/ml in 10 mm sodium phosphate buffer, pH 7.0, containing 0.1% bovine serum albumin). After incubation for 10 min at 20 C, the reaction was stopped by adding 10 ,uliters of 0.2 M sodium citrate to the mixture.
Spreading of the relaxed DNA molecules by the method of Kleinschmidt and Zahn (25) Photographic negatives of molecules whose circular contours could be followed as a continuous closed loop were projected onto paper sheets at a magnification of about 120,000 and traced with a pen. At the same time, the corresponding phage T2 micrographs were projected onto the papers and the distance from tail collar to the tip of the median tail plate spike was marked off for not less than 10 sepatate particles located in both central and peripheral areas of the field. The mean value of this interval was taken to represent 100 nm for calibration purposes. Contour lengths of the traced molecules were measured with a curvimeter. RESULTS Purification of phage Mu-i and characterization of its DNA. Our attempts to purify phage Mu-I from batch lysates by two-phase polymer partition and differential centrifugation usually yielded preparations that were grossly contaminated with both ribosomes and isometric virus-like particles of unknown genetic origin (Fig. 2) . Hence the D20-CsCI step gradient described above was employed to obtain phage preparations sufficiently pure for chemical analysis. The isometric particles do not seem to be related to Mu-1, as they were found just as readily in lysates of strain C600 infected with phage X. These contaminants may be related to "petit X" particles (23), which they resemble morphologically, or they may stem from a different and as yet unknown defective prophage of E. coli K-12.
DNA was extracted from the purified phage and banded in a CsCl density gradient. The   FIG. 2 . Empty, virus-like particles found in both X and Mu-i lysates of strain C600. A phage Mu-i "ghost" is indicated by the arrow. Negatively stained with phosphotungstic acid. Magnification 110,000; scale 100 nm. VOL. 8, 1971 resulting DNA preparations contained no detectable protein or RNA as determined by the Lowry and the orcinol tests, respectively, and the ratios of absorbance at 260/280 nm were equal to or greater than 1.85. The purified Mu-1 DNA was hydrolyzed and chromatographed as described above to determine its base composition. Four UV-absorbing spots were detected on the chromatograms and their positions matched those of the four standard bases (adenine, thymine, guanine, and cytosine). The UV spectra of the materials eluted from these spots confirmed that the four bases in Mu-I DNA correspond to the four normal major bases. The base composition of Mu The DNA melting curves obtained for samples of purified Mu-I and E. coli DNA are shown in Fig. 3 . The curves, essentially identical, have the shape characteristic for double-stranded DNA molecules. There was no increase in absorbance before 72 C and the overall hyperchromicity achieved was 36%. The results indicate that the guanine plus cytosine content of Mu-1 DNA is similar to that of E. coli DNA, about 51i% (30) .
Further confirmation of the chemical similarity of phage Mu-1 DNA to host DNA was obtained from density-gradient equilibrium sedimentation analysis. As illustrated in Fig. 4A , the density of native Mu-I DNA was identical to that of E. coli DNA in both CsCI and Cs2SO4 density gradients. Heat-denatured phage Mu-1 DNA produced a single symmetric band when brought to equilibrium in CsCl, but the same denatured DNA repeatedly produced two separate bands in Cs2SO4. The difference in density between the bands in Cs2SO4 was 0.007 g/cc, with the heavier band comprising roughly 90% of the DNA in the gradient (Fig. 4B) .
The molecular weight of Mu-i DNA extracted by the guanidine hydrochloride procedure was estimated from its sedimentation coefficient as described above. The S20, determined for this DNA was 30.7S, which corresponds to an approximate molecular weight of 22 X 106 to 23 X 106 daltons.
To obtain a direct measure of the size of phage Mu-1 DNA, individual molecules were extracted from the phage by osmotic shock and photographed in the electron microscope. The released DNA molecules were always linear (Fig. 5) , and the distribution of contour lengths obtained for 35 molecules ranged from 12.21 to 13.63 ,um (Fig. 6) . The mean contour length of phage Mu-1 DNA was 12.9 + 0.07,m (standard error of the mean), which corresponds to an approximate molecular weight of 25 X 106 daltons ( Table 2 ). For comparison, DNA molecules of the well-known phages X+ (wild type) and its deletion mutant Xb2bS were similarly prepared and measured. The lengths of molecules from Mu-1 and from the X phages were compared by measuring DNA of both types in mixed samples on the same grid as well as in separate preparations. The lengths obtained for Xt and Xb2b5 DNA (Fig. 6, Table 2 ) were in excellent agreement with values previously reported by several other laboratories (8, 15, 28) .
The foregoing measurements predict that the total linear insertion of a phage Mu-1 genome describes a direct test of this prediction, in which the molecular lengths of F'lac DNA and of F'lac DNA containing Mu-1 prophage are compared.
Isolation of mutant F'lac episome containing prophage. Strain AT3155 is an F'lac merodiploid of the genotype F'lacZ+, Y+, 178 (i8)/lacA175 (i). It is phenotypically Lac-(lactose nonfermenting) because the j8 character of the lacI78 mutation in the episome is dominant over the endogenotic i-trait (39) . We expected that integration of prophage at the lacd locus of the F-merogenote would produce an i-mutation which would in turn change the phenotype of the merodiploid from Lac-to constitutive Lac+. Accordingly, surviving lysogens from a Mu-1-infected culture of AT3155 were plated on MacConkey agar to detect Lac+ mutants. Two Lac+ colonies were found in a total sample of about 104 colonies plated and one of these, strain AT3156, was lysogenic for Mu-I and still possessed F, as judged by its sensitivity to phage MS-2.
Preliminary evidence for linkage of prophage to F'lac came from crosses of AT3156 X AT3144 (Mu-i-, Nalr, F-) in which the number of infective centers resulting from the transfer and subsequent zygotic induction of prophage was determined at intervals after the onset of mating. The number increased rapidly from zero time and by 60 min reached a plateau value of about 0.8 infective centers per input donor cell (Fig. 7) . This highly efficient transfer of prophage from strain AT3156 is consistent with its being located in the F'lac episome.
Further evidence that the prophage resides in the F-merogenote was obtained from a 60-min cross of AT3156 X AT3152 ((acYl, Nalr, Mu-ld6, F-) in which Lac+ Nalr exconjugants were recovered by plating the mating mixture on MacConkey agar containing nalidixic acid. The defective prophage of the F-parent is unable to form active PFU of Mu-1, but it does render the F-immune to lysis by zygotic induction of wildtype phage. Of 88 Lac+ recombinants tested, all were found to possess both F (sensitive to MS-2) and active wild-type Mu-1 prophage. The simultaneous inheritance of F and prophage by all of the Lac+ recombinants again suggests that Mu-1 is integrated into the F'Iac episome.
Final verification of linkage was achieved by growing one of the Lac+ heterogenotes of AT3152 from the preceding experiment in the presence of acridine orange under conditions known to favor elimination of F and F-merogenotes (18) . Presumptive clones of F'lac cured strains were detected as Lac-colonies on MacConkey agar. Of 40 Lac-colonies tested, 36 scored as F-(resistant to MS-2) and nonlysogenic for wildtype Mu-1; these 36 were Mu-1-immune, however, indicating that acridine orange did not eliminate the Mu-ld6 prophage located in the endogenote. The remaining four Lac-colonies retained both F and wild-type prophage; presumably these are homogenotic for the lacYJ mutation. We conclude that prophage Mu-i can be eliminated concomitantly with F'tac by acridine orange and that prophage must therefore be integrated in the F'lac episome of strain AT3156.
Isolation and purification of F'Iac DNA. Standard F'lac and the lysogenized F'lac, hereafter designated F'lac Mu+, were transferred by conjugation from strains AT3155 and AT3156, respectively, to F-strain AT3158 (thyA8, lac YJ, Nalr, Mu-I+). F'Iac Mu+ (i) heterogenotes were detected as red Lac+ colonies on MacConkey agar plus nalidixic acid. Standard F'lac (is) heterogenotes were detected as pure white colonies on MacConkey agar containing 0.001 M isopropyl-3-thiogalactoside and nalidixic acid; colonies of the parental F-strain AT3158 were dark pink on this medium.
The DNA of the thymine-requiring F'lac strains was labeled, extracted, and sheared as described above. Closed circular episomal DNA was then separated from the fragmented chromosomal DNA by centrifugation to equilibrium in CsCI and ethidium bromide (4, 31) . Fractions collected from the bottom of the centrifuge tubes were assayed for radioactivity as described. Figure 8 illustrates the results typically obtained for DNA from both F'lac and F'lac Mu+ derivatives of AT3158. The episomal DNA appears as a minor peak comprising roughly 2% of total activity, and it is well separated from the bulk of less dense sheared DNA. The very small peak of activity present at the top of the gradient was seen reproducibly and may consist of membrane-bound DNA fragments. When carried through the same procedure, DNA from strain AT3158 (F) produced no visible peak corresponding to episomal DNA. Initially, the peak fractions of episomal DNA were pooled and rebanded by additional centrifugation; later on, the rebanding step was omitted with no apparent adverse effect on visualization of the molecules.
Electron microscopy of F'lac DNA. Peak fractions of episomal DNA were pooled and dialyzed exhaustively to remove as much residual ethidium bromide as possible. DNA prepared in this way invariably failed to show the expected characteristic convoluted loops of circular double-stranded DNA in the electron microscope. Instead, the DNA had the appearance of small, amorphous, spindle-shaped blobs; occasionally, thick ropelike strands of supercoiled DNA were seen projecting from one end of the spindles. Simple storage of the DNA at 4 C for 2 protein film at intervals after spreading, we were always able to get one or two specimen grids which contained a high proportion of unbroken circular molecules devoid of twisted regions. In addition to photographing molecules from the individual F'lac and F'lac Mu+ preparations, a mixture of the two episomes was also examined to insure that any observed differences in contour length would also be evident in a mixed sample on the same grid. Micrographs of molecules in the mixed preparation were taken consecutively as they were encountered on the specimen grid.
Because of their large size, most of the circular molecules chosen for length measurement contained a number of overlapping loops. At least four or five molecules each of F'lac and F'lac Mu+ DNA were observed, however, in which loops comprised less than 4% of the total contour length. One of these is shown in Fig. 9 (35, 36) . The peculiar separation of denatured phage Mu-i DNA into two distinct bands in Cs2SO4 equilibrium density gradients is reminiscent of the similar behavior of several other coliphage DNA species (11) . Although the physical basis for this is not understood at present, the presence of multiple bands may reflect base compositional heterogeneity in the phage Mu-i DNA.
The length of DNA molecules extracted in situ from Mu-i virions was measured at 12.9 i 0.07 ,um, corresponding to an approximate molecular weight of 25 X 106 daltons ( Table 2) . The Mu-i genome is thus roughly 22% smaller than the wild-type X genome and almost identical in size to the DNA of Xb2bS. The molecular weight of Xb2b5 DNA has been shown to be 25 X 106 to 26 X 106 daltons both by contour length measurement (28) and by X-ray target size (15) . Our calculated molecular weight of 25 X 106 daltons for Xb2b5 agrees well with both of these independent determinations. The 12.9-Mm length obtained for Mu-i DNA is somewhat shorter, however, than the 14.5-,m figure recently reported in a brief communication by Torti et al. (36) .
Although the variance estimate (S2) for the contour length of pure F'lac molecules appears to be abnormally small compared to the other DNA samples (Table 3) 8, 1971 found in mature virions (Table 2 ). At present, we can only speculate as to possible explanations for this difference. Lang et al. (26) have shown that contour lengths of DNA molecules can vary as much as 20%, depending on the ionic strength of solutions used in the Kleinschmidt spreading procedure. Since the virion DNA and the episomal (prophage) DNA species were prepared and spread under dissimilar conditions (i.e., spreading from 5 M NH4NO3 onto distilled water for the former DNA versus exposure to ethidium bromide and deoxyribonuclease followed by spreading onto 0.15 M ammonium acetate for the latter DNA species), the 17% discrepancy between predicted and observed length of Mu-1 prophage could represent a preparative artifact. A more interesting possibility would be that the prophage is somewhat larger than a normal phage genome since this might offer a clue toward understanding the mechanism of insertion. Experiments to investigate this point in greater detail are currently in progress.
Although there is abundant genetic and physiological evidence for insertion of X and related phage genomes, reviewed by Dove (13) and Signer (32) , direct physical evidence for such insertion is relatively scarce. In an elegant investigation of the X-ray target sizes of lysogenic and nonlysogenic episomes, Freifelder and Meselson (16) have recently provided compelling physical evidence to demonstrate that phage X genomes are covalently inserted into host DNA molecules. Our electron microscopic evidence that deoxyribonuclease-treated F'lac Mu+ DNA yields closed circular molecules containing no fixed loops (Fig. 9) , together with the observation that native F'lac Mu+ molecules behave like covalently closed supercoiled DNA in CsCIethidium bromide density gradients (31; Fig. 8 ), provides direct proof that chromosomal integration of Mu-1 prophage also occurs by covalent linear insertion. It seems likely, therefore, that insertion will prove to be a universal feature of temperate phages that attach to bacterial genomes, regardless of whether the attachment sites are uniquely determined, as for X, or randomly distributed, as for Mu-1. 
